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stress.	 Our	 results	 are	 consistent	 with	 the	 notion	 that	 certain	 plant	 metabolic	 re-




predicted	 conditions	 of	 climate	 change	 under	 an	 increased	 defoliation	 in	 the	
Mediterranean	Basin.












abiotic	 stressors	 (Peñuelas	&	Sardans,	2009).	The	 recent	application	
of	new	metabolomic	techniques	in	the	fields	of	plant	physiology	and	
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ecology	(ecometabolomics)	has	allowed	the	detection	of	the	extreme	




also	 be	 subject	 to	 evolutionary	 divergence	 given	 that	metabolic	 re-
sponses	 ultimately	 depend	 on	 genetic	 composition	 and	 expression	












mental	 change	 (Edwards,	 Still,	&	Donoghue,	2007;	González-	Orozco	
et	al.,	2016;	Kuntner,	Năpăruş,	 Li,	&	Coddington,	2014).	Ecosystems	
are	currently	facing	an	environmental	change	of	planetary	dimensions,	








Lenihan,	&	Drapek,	 2010;	Meier,	 Lischke,	 Schmatz,	 &	 Zimmermann,	
2012;	Parmesan	&	Yohe,	2003).	Different	phylogenetic	and	environ-
mental	 contributions	 to	 the	metabolome	 can	 potentially	 induce	 dif-










an	 important	 species	 both	 ecologically	 and	 economically	 (Mäkinen	
&	Hynynen,	2014).	Natural	P. sylvestris	populations	 in	Sierra	Nevada	
Natural	Park	(southern	Iberian	Peninsula),	described	as	P. sylvestris	ssp.	































defoliator	of	Pinus	 species	 in	 the	Mediterranean	 area	 (Battisti	 et	al.,	
2015)	and	(2)	the	natural	summer	conditions	of	Sierra	Nevada.
On	 the	one	hand,	we	expect	 that	closely	 related	sympatric	 spe-
cies	 or	 subspecies	will	 reach	 similar	metabolomic	 solutions	 to	 both	























2  | MATERIAL AND METHODS
2.1 | Study site
Foliar	 samples	 were	 collected	 in	 the	 P. sylvestris	 forests	 of	 Collado	
de	Matasverdes	 (37.05°N,	 3.27°W;	 1,900	m	 a.s.l.)	 in	 Sierra	Nevada	
National	 Park	 (Granada,	 SE	 Spain;	 Figure	2a,b,d,f),	 where	 nevaden-








with	 precipitation,	 are	 crucial	 factors	 determining	 the	 distributional	
niche	 of	 most	 plant	 species.	 The	 average	 minimum	 and	 maximum	
temperatures	 and	 the	 accumulated	 rainfalls	 for	winter	 and	 summer	
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Cortijuela	Botanical	Garden.	We	 considered	 January,	 February,	 and	
March	as	winter	and	July,	August,	and	September	as	summer.
Foliar	 samples	were	 collected	 in	 early	March	 2011	 (winter)	 and	
mid-	July	2011	(summer).	The	PPM	late-	instar	larvae	inflict	the	heavi-
est	damage	to	pines	 in	 late	winter	 (Battisti	et	al.,	2015;	Hódar	et	al.,	
2003),	and	the	needles	of	the	current	year	are	completely	flushed	in	
July	during	the	typical	drought	of	the	Mediterranean	summer.
2.2 | Experimental design and sampling of needles







and	 within	 a	 short	 period	 of	 time	 (10:30–14:30)	 under	 sunny	 and	
constant	 light	 and	 temperature	 conditions	 to	 avoid	 large	 variations	





between	3	 and	4	m	 away	 from	 the	PPM	attack	 ensuring	 at	 least	 1	
branch	between	the	focus	of	attack	and	the	sampled	undamaged	nee-
dles.	These	 foliar	 samples	will	be	 referred	as	AT.NABs	and	AT.ABs,	
respectively.	 The	youngest	well-	developed	needles	 from	each	 sam-
pled	branch	were	quickly	frozen	in	situ	in	liquid	nitrogen	for	the	me-
tabolomic	analyses.
Periodic	 outbreaks	 of	 PPMs	 occur	 in	 Spain	 and	 France	 with	 a	
return	 period	 of	 5–9	years,	 and	 infestation	 is	 more	 unpredictable	










and	 preferences	 can	 also	vary	 from	 site	 to	 site	 (Jactel	 et	al.,	 2015).	
Differences	 in	attack	preference	between	subspecies	of	pines,	how-
ever,	 have	 not	 been	 documented.	At	 our	 study	 site,	nevadensis	 and	
iberica	 were	 equally	 attacked,	 and	 any	 possible	 differences	 would	
not	affect	our	results	because	our	selection	of	trees	 in	the	wild	was	
based	on	the	presence/absence	of	natural	defoliation.	This	selection	
determines	 that	 our	 pines	 were	 not	 completely	 randomly	 assigned	
to	 the	 different	 folivory	 levels	 (NAT	 or	AT).	Moths	 in	monospecific	
stands,	as	 in	our	case,	however,	would	mainly	rely	on	visual	cues	to	
attack	 isolated	or	 taller	 trees	 that	were	more	 likely	 to	provide	opti-












2.3 | Foliar processing for metabolomic analyses
Briefly,	needles	frozen	in	liquid	nitrogen	were	lyophilized	and	stored	in	
plastic	cans	at	−20°C	(Rivas-	Ubach	et	al.,	2013).	Samples	were	ground	




2.4 | Extraction of metabolites for liquid 










tube	of	set	A	was	 transferred	 to	 the	corresponding	2-	ml	centrifuge	
tubes	of	set	B.	This	procedure	was	performed	twice	for	two	extrac-
































2.6 | Processing of LC- MS chromatograms
The	raw	data	files	from	the	spectrometer	were	processed	by	MZmine	
2.17	(Pluskal,	Castillo,	Villar-	Briones,	&	Orešič,	2010).	Chromatograms	
from	 both	 positive	 and	 negative	 modes	 were	 separately	 baseline	
corrected,	 deconvoluted	 and	 aligned	 before	 the	metabolic	 assigna-






and	 deconvolution	 algorithms	 may	 separate	 diverse	 ions	 with	 the	
same	mass	 to	 ratio	 (m/z)	 into	 different	 variables	 due	 a	 slight	 shift	
in	 retention	 times,	depending	on	 the	parameters	established	during	
chromatogram	 processing	 for	 obtaining	 the	metabolomic	 data	 sets.	















able	 threefold	higher	 than	the	third	quartile	or	 threefold	 lower	 than	
the	 first	quartile	of	each	cell	 factor	were	considered	as	outliers	and	
were	subsequently	treated	as	missing	data.
The	numerical	values	of	 the	 features	extracted	 from	the	LC-	MC	
chromatograms	correspond	 to	 the	absolute	peak	areas	of	 the	 chro-
matograms	detected	by	the	spectrometer.	The	integrated	peak	areas	
from	 the	deconvoluted	peak	 chromatograms	do	not	 reflect	 the	 real	
concentration	as	unit	weight	of	metabolite	per	unit	weight	of	the	sam-
ple,	but	 it	 is	proportional	 to	the	concentration	of	 the	corresponding	
variable	and	so	is	suitable	for	comparative	analyses,	as	demonstrated	




















and	nevadensis)	 and	FL	 (NATs,	AT.NABs,	and	AT.ABs),	 and	contained	
8,365	metabolomic	variables,	72	of	which	were	identified	by	our	me-
tabolite	library	(Table	S2).
The	 metabolomic	 fingerprints	 for	 the	 P. sylvestris	 needles	 were	
























Additionally,	 we	 used	 Euclidean	 distances	 as	 a	 proxy	 to	 deter-
mine	the	distance	between	the	metabolomes	(metabolomic	distances)	
among	different	groups	of	trees.	The	Euclidean	distances	between	the	
metabolomic	 fingerprints	 of	 iberica	 and	 nevadensis	 were	 calculated	
for	each	individual	tree	within	the	same	FL	(each	iberica-	NAT	vs.	each	





sequently	 submitted	 to	 a	 one-	way	 ANOVA	 considering	 winter	 and	









tances	×	2	 subspecies)	 to	 identify	 differences	 between	FL	 distances	
within	subspecies.
Multivariate	analyses	such	as	PERMANOVAs,	PCAs,	and	Euclidean-	

















function	of	 the	 “FactoMineR”	 package	 (Husson,	 Josse,	 Le,	&	Mazet,	
2016).
3  | RESULTS
Our	 univariate	 analyses	 contrasting	 the	 environmental	 data	 (tem-
perature	 and	 accumulated	 rainfall)	 between	 Sierra	 Nevada	 and	
Navacerrada	showed	more	contrasted	environmental	conditions	be-
tween	 localities	 in	summer	compared	to	winter	 (Figure	3;	Table	S3).	
Average	 maximum	 temperatures	 were	 higher	 in	 both	 winter	 and	




higher	 and	 accumulated	 rainfall	 was	 lower	 in	 Sierra	 Nevada	 than	
Navacerrada	in	summer.
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The	overall	composition	of	the	pine	metabolomes	changed	signifi-
cantly	between	seasons,	subspecies	and	FLs	(Table	1).	PERMANOVA	
also	 found	 significant	 differences	 in	 all	 the	 factor	 interactions	 (sea-
son	×	subspecies;	 season	×	FL;	 subspecies	×	FL;	 season	×	subspe-








PC2	 of	 the	 PCA	 in	winter	 displayed	 clear	 separation	 between	 sub-
species	 indicating	 their	 different	 overall	 metabolome	 composition	
(Figure	4a).	PCA	summer	showed	different	trends	for	subspecies	and	
FLs.	 Subspecies	 still	 clustered	 separately	 but	 along	 PC1	 (Figure	4c).	
Although	not	as	 clear	as	 in	 the	winter	PCA,	FLs	of	both	 subspecies	
also	followed	similar	trends	along	PC1	and	PC2	(Figure	4c).	For	both	
subspecies,	NATs	and	AT.NABs	were	separated	from	the	AT.ABs	along	
PC1	while	 PC2	 separated	 the	 NATs	 from	 the	AT.NABs	 and	AT.ABs	




Regarding	 the	 relations	 between	 the	metabolomic	variables	 and	
study	 subjects,	 the	 PCA	 showed	 that	 the	 concentrations	 of	 most	
amino	acids,	sugars,	phenolic	compounds,	and	terpenes	tended	to	be	
higher	 in	nevadensis	 than	 iberica	needles	 in	winter	 (Figure	4a,b).	The	
AT.ABs	of	both	subspecies	had	the	highest	concentrations	of	vitexin,	
catechin,	carvone,	disaccharides,	and	δ-	tocopherol,	and	 the	NATs	of	









nificantly	 (Figure	5a).	 In	 summer,	 however,	 the	 distance	 for	 iberica 
NATs	versus	nevadensis	NATs	was	highest,	whereas	 the	distance	 for	
iberica-	AT.ABs	 versus	 nevadensis-	AT.ABs	 was	 lowest	 (Figure	5a).	
Those	 results	 indicate	 that,	 in	 summer,	 when	 the	 environmental	
conditions	 between	 Sierra	 Nevada	 and	Navacerrada	 are	more	 con-
trasted	 (Figure	3),	 NATs	 between	 subspecies	 had	 more	 contrasted	
metabolomes	 compared	 to	 AT.ABs	 which	 presented	 the	 smallest	
metabolic	differences	between	iberica	and	nevadensis.	In	both	winter	
and	 summer,	 FLs	 distances	 within	 nevadensis	 did	 not	 differ	 signifi-





nevadensis	were	higher	 in	winter,	when	 the	PPM	 is	present,	 than	 in	





Sierra	Nevada,	 one	 native	 (nevadensis)	 and	 one	 introduced	 (iberica).	
Although	this	study	does	not	 include	 iberica	samples	from	its	native	





4.1 | Close metabolic responses to folivory attack
Defoliation	by	PPM	occurs	during	winter	(Battisti	et	al.,	2015);	interest-





Degrees of freedom Sums of squares Mean squares Pseudo- F p
Season 1 3.60	×	1020 3.60	×	1020 94.75 .0001
Subspecies 1 1.37	×	1020 1.37	×	1020 35.904 .0001
Folivory	level	(FL) 2 4.39	×	1019 2.20	×	1019 5.776 .0001
Season	×	Subspecies 1 8.55	×	1019 8.55	×	1019 22.469 .0001
Season	×	FL 2 4.74	×	1019 2.37	×	1019 6.231 .0001
Subspecies	×	FL 2 3.09	×	1019 1.55	×	1019 4.067 .0004
Season	×	Subspecies	×	FL 2 5.52	×	1019 2.76	×	1019 7.259 .0001
Residuals 132 5.02	×	1020 3.80	×	1018 0.39784
Total 143 1.26	×	1021 1
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flavonoids	can	accumulate	 in	 in	vitro	plants	under	oxidative	stress	 in	













Table	 S4).	 A	more	 detailed	 discussion	 of	 the	 functional	 roles	 of	 the	
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notion	 that	 several	metabolic	 responses	 induced	by	herbivorous	at-






torically	more	closely	 related	 than	 individuals	belonging	 to	different	
species,	so	the	convergence	between	the	subspecies	in	metabolomic	
responses	to	herbivorous	attack	 in	our	analyses	of	the	metabolomic	
fingerprints	 also	 suggests	 a	 strong	 genetic	 component	 determining	
the	 responses.	 If	 metabolomes	 track	 phylogeny,	 we	 would	 expect	
that	distantly	 related	species	would	produce	divergent	metabolomic	
responses	to	herbivorous	attack.	Future	research	analyzing	different	
plant	 species	 attacked	 by	 the	 same	 folivore	would	 be	 necessary	 to	
strongly	support	this	statement.
















subspecies.	 This	 trend	 was	 not	 found	 in	 winter	 when	 the	 climatic	
conditions	are	more	similar	between	Sierra	Nevada	and	Navacerrada,	




nevadensis	 than	 for	 iberica.	 The	 metabolomes	 of	 the	 iberica	 NATs,	
AT.NABs	and	AT.ABs	were	more	clearly	separated	than	the	FLs	of	the	
nevadensis	trees	in	the	multidimensional	space	of	the	PCA	(Figure	4a).	






nevadensis	 and	 iberica	 in	 summer	 clearly	 supports	 the	 idea	 that	 the	
environment	was	more	 influential	 in	 summer	 in	 iberica,	 the	 subspe-
cies	introduced	to	Sierra	Nevada.	Fourth,	independently	of	the	FL,	the	
concentrations	of	sugars,	phenolics,	and	amino	acids	such	as	proline	
(Figure	4c,d)	 in	 summer	were	 higher	 in	 iberica	 than	nevadensis	 nee-
dles,	also	suggesting	that	iberica	experienced	more	stress	in	summer.	
In	previous	ecometabolomic	studies,	we	have	also	observed	increases	




so	 the	 higher	 proline	 concentrations	 in	 the	 needles	 of	 iberica com-
pared	to	nevadensis	also	suggest	 that	 this	subspecies	may	be	facing	
more	 intense	drought	 conditions	 in	 Sierra	Nevada	 than	 those	 in	 its	
native	range	in	Navacerrada	(Figure	3).	The	higher	concentrations	of	
phenolic	 compounds	 and	 sugars	 in	 iberica	 than	 nevadensis	 needles	
have	 been	 also	 widely	 reported	 as	 protective	 mechanisms	 against	
water	deficit	(Hura,	Hura,	&	Grzesiak,	2008;	Ingram	&	Bartels,	1996;	
Rivas-	Ubach	et	al.,	2014).
Our	 results	 thus	 indicated	 that	nevadensis	 experienced	 less	me-
tabolomic	variation	in	summer,	when	warm	temperatures	and	drought	
are	more	 prominent,	 than	 iberica.	 Our	metabolomic	 results	 suggest	
thus	 that	 the	 native	 populations	 of	 Scots	 pine	 are	 better	 adapted	
than	 the	 introduced	populations	 to	 the	environmental	 conditions	 in	
Sierra	Nevada	(Herrero	&	Zamora,	2014),	anticipating	a	more	stressful	
abiotic	environment	for	 iberica	populations	as	climatic	belts	progress	
poleward.	The	PPM	is	present	 in	the	 iberica	populations,	but	the	 in-
tensity	and	frequency	of	defoliaton	has	been	 increasing	altitudinally	
and	 latitudinally	 during	 recent	 decades	 (Battisti	 et	al.,	 2005;	 Hódar	
&	Zamora,	2004).	The	maximum	temperatures	are	about	4°C	higher,	










extreme	 than	 in	 our	 study	 site	 (Cerrillo,	 Varo,	 Lanjeri,	 &	 Clemente,	
2007;	Guada,	Camarero,	Sánchez-	Salguero,	&	Cerrillo,	2016),	support-
ing	 our	 results.	Our	metabolomic	 data	 thus	 support	 our	 hypothesis	




their	 metabolomes	 (Shao	 et	al.,	 2007).	We	 thus	 predict	 that	 iberica 




The	 metabolomes	 of	 the	 two	 closely	 related	 subspecies	 of	 Scots	
pine	 tended	 to	 have	 similar	 local	 responses	 to	 herbivorous	 attack,	
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suggesting	 that	 some	 metabolic	 pathways	 associated	 with	 folivory	
may	have	been	evolutionarily	conserved.
















itat.	These	more	extreme	conditions	 for	 iberica	may	account	 for	 the	
larger	shifts	in	their	metabolomes	to	maintain	physiological	homeosta-
sis.	We	anticipate	an	uncertain	future	for	iberica	populations	in	Sierra	
Nevada	with	 the	warmer	 and	 drier	 conditions	 expected	 during	 the	
forthcoming	decades.
Eco-	metabolomic	 techniques	 are	 potential	 tools	 to	 understand	
long-	time	ecological	processes	rather	than	only	biochemical	processes.
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